ABSTRACT
INTRODUCTION
Origin licensing builds a fundamental basis for genome stability during eukaryotic DNA replication as it provides replication origins with the competency to fire and restricts their firing to once per S phase (1) (2) (3) . This process occurs during the late M to early G1 phases of the cell cycle, when heterohexameric complexes of the minichromosome maintenance proteins (MCM2-7), essential components of the replicative helicase, are loaded onto chromatin (4) (5) (6) . While any genomic loci bound by MCM2-7 complexes can potentially act as origins, only a small fraction of them (∼10%) assemble active helicases with their co-factors to unwind the DNA and initiate genome duplication in S phase (7, 8) . In fact, chromatin-bound MCM2-7 complexes exist in a large excess (10-to 20-fold) over the number of replication origins that actually fire in S phase (9) (10) (11) (12) , thereby licensing additional origins termed dormant origins. Although dormant origins represent the vast majority (>90%) of all licensed origins (13, 14) , their role in DNA replication has only recently been revealed. These dormant origins can be activated as 'backups' under conditions of replication stress to compensate for slow fork progression and rescue stalled replication forks, thereby contributing to completion of DNA replication (13) (14) (15) .
Using a mouse model called Mcm4 chaos3 , we demonstrated that dormant origins also play an important role in the rescue of stalled forks even in unchallenged S phase (16) . Mcm4 chaos3 is a hypomorphic allele encoding a Phe345Ile change in the MCM4 protein, a subunit of the MCM2-7 complex (17) . Cells homozygous for this allele (Mcm4 chaos3/chaos3 ) exhibit a decreased rate of assembly of the MCM2-7 complex, leading to an ∼60% loss of chromatin-bound MCM2-7 complexes (16) . This results in a significant reduction of dormant origins, causing the accumulation of stalled forks and increased levels of sponta-neous micronuclei (MN) in Mcm4 chaos3/chaos3 cells. Reflecting intrinsic genome instability, Mcm4 chaos3/chaos3 mice are highly prone to spontaneous tumors (16, 17) . These properties of Mcm4 chaos3/chaos3 mice substantiate the formerly underappreciated role of dormant origins in stalled fork recovery (18) . In our previous work (16) 
chaos3/chaos3 cells were also found to exhibit intrinsic activation of the Fanconi anemia (FA) pathway of DNA repair, though the functional relevance of this had yet to be determined. FA is a rare genetic disorder characterized by congenital abnormalities, bone marrow failure and a heightened predisposition to cancer (19, 20) . It is a genetically heterogeneous disease, with 16 complementation groups identified to date (19, 21, 22) . Our current understanding is that the products of these genes coordinately function to promote genome stability with a specialized role in the repair of DNA inter-strand crosslinks (ICLs; 20, 23, 24) and certain endogenous lesions (25) . Activation of the FA pathway is typically observed by mono-ubiquitination of the FANCD2 and FANCI proteins by the FA core complex (composed of at least eight FA proteins), promoting their recruitment to chromatin and focus formation (26) (27) (28) (29) . Even in the absence of exogenous sources of ICLs, this activation occurs in normal S phase (29, 30) . Moreover, treatment of cells with a low dose of aphidicolin (APH), a polymerase inhibitor (31) , robustly activates the FA pathway, indicating a role of the FA proteins during DNA replication (32) . Previous studies reported that APH-induced FANCD2/FANCI foci often form as a pair (sister foci) during the G2/M phases, presumably flanking late replication intermediates at common fragile sites (33, 34) . These chromosomal loci are prone to breakage after partial inhibition of DNA replication (35) , likely due to a paucity of DNA replication origins in these regions (36, 37) . As FA proteins are required for the stability of common fragile sites (32), they are likely to be involved in guiding successful replication of loci with fewer replication origins.
As Mcm4 chaos3 homozygosity significantly decreases the total number of licensed origins on a genome-wide scale, it is likely to increase the number of loci lacking dormant origins or perhaps any origins. We therefore hypothesized that intrinsic activation of the FA pathway in Mcm4 chaos3/chaos3 cells occurs in an attempt to support replication fork progression at these sites. To test this hypothesis, we introduced a null allele of Fancc (Fancc − ), encoding a member of the FA core complex (38) 
MATERIALS AND METHODS

Mouse strains and MEFs
All experiments were performed using mice/cells derived from an inbred C57BL/6J genetic background or a C57BL/6J x C3HeB/FeJ-mixed genetic background and were approved by the Institutional Animal Care and Use Committee. Mouse embryonic fibroblasts (MEFs) were generated from 12.5-14.5 dpc embryos and cultured using standard procedures. All mice were genotyped by polymerase chain reaction. The primers used are available upon request.
Immunocytochemistry
Cells were grown on coverslips for 2 days and then fixed using 10% formalin. Whenever immunocytostaining was performed for replication protein A (RPA), cells were additionally pre-extracted with a 0.5% Triton X-100 in phosphate buffered saline solution for about 1 min prior to fixation. For analyses involving APH treatment, cells were given doses of either 150nM or 300nM APH for 24 h before harvest. Coverslips were then treated with the appropriate primary antibodies (4 • C, overnight) and secondary antibodies (room temp, 1 h) and stained with 4',6-diamidino-2-phenylindole (DAPI, 1 g/ml, 10 min) before being mounted onto slides using Vectashield (Vector Laboratories, #H-1000) or ProLong Gold antifade reagent (Life Technologies, #P36930). The Axio Imager A1 (Zeiss) was used for fluorescence microscopy analysis and to collect all images.
Antibodies
For immunocytochemistry, immunohistochemistry and western blotting procedures, we used anti-phosphohistone H3, anti-RPA32, anti-␥ H2AX (Cell Signaling; #9706, #2208 and #2577, respectively), anti-MCM4, anti-FANCD2, anti-FANCI, anti-53BP1 (Abcam; #ab4459, #ab2187, #ab74332 and #ab36823, respectively), antimyeloperoxidase (Thermo Scientific; #RB-373-A1), anti-F4/80, anti-Mac-2 (Cedarlane; #CL8940AP and #CL8942AP, respectively), anti-cluster of differentiation 3 (Serotec; #MCA1477), anti-B220 (BD Biosciences; #550286), anti-digoxigenin (Roche; #11333062910), anti-FANCD2 (Epitomics; #2986-1), anti-PICH (Abnova; #H00054821-D01P) and Streptavidin-AlexaFluor488 conjugate antibody (Invitrogen, #S-32354). For the DNA fiber assay, the digoxigenin-rhodamine conjugate antibody from Roche (#11207750910) and Streptavidin-AlexaFluor488 conjugate antibody from Invitrogen (#S-32354) were used.
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EdU spots analysis
5-ethynyl-2'-deoxyuridine (EdU, Life Technologies, #A10044) was added to cells at a final concentration of 20M for 10 min prior to harvest. After fixation, cells were subjected to the Click-iT TM reaction using BiotinAzide (Life Technologies, #B10184) for 1 h at room temp, according to the manufacturer's instructions. Cells were then stained with the appropriate antibodies using normal immunocytochemistry techniques.
Cytokinesis-block micronucleus assay and 53BP1 nuclear bodies analysis
The cytokinesis-block micronucleus assays and 53BP1 nuclear bodies (53BP1-NBs) analyses were performed as described previously (40) . Though the identification of G1 nuclei for the analysis of 53BP1-NBs is typically determined by those that are cyclin A-negative (41, 42) , the lack of a cyclin A antibody that works well for mouse cells precluded use of this technique. As an alternative, G1 nuclei were identified as those contained within binucleated cells following cytochalasin B treatment.
DNA ultra-fine bridge analysis
To measure the levels of DNA ultra-fine bridges (UFBs), another consequence of late replication intermediates (33, 34, 43) , anaphase cells were stained for the Pkl1-interacting checkpoint helicase (PICH) and analyzed for the presence of PICH-coated UFBs.
RESULTS
Mcm4
chaos3 homozygosity results in a reduced number of dormant origins and a lower active origin density in a C57BL/6J background The phenotypes of Mcm4 chaos3/chaos3 and Fancc −/− mice in a C57BL/6J background have been relatively well characterized and share several similarities, including semilethality and a heightened predisposition to microphthalmia (39, 40, 44 Figure S1A) (16) . Consistent with our previous work (16) 
cells exhibited higher levels of FANCD2 foci at prophase compared to wild-type cells (Supplementary Figure S1B) . Expectedly, the lack of FANCC abolished FANCD2 chromatin loading to sub-detectable levels in both Fancc To understand DNA replication kinetics in these cells, we began our analysis with a DNA fiber assay. Previously, we reported that Mcm4 chaos3 homozygosity in this inbred background not only results in a reduced number of dormant origins but also lowers the density of active origins, thereby contributing to the semi-lethality of newborn mice (39) . To verify that this was also the case for Mcm4 chaos3/chaos3 ;Fancc −/− cells, we measured origin-toorigin distances ( Figure 1A 
Loss of FANCC leads to a drastic increase in stalled/collapsed forks in Mcm4 chaos3/chaos3 cells
The FA proteins function to support replication fork stability as well as fork restart (30, (45) (46) (47) . Thus,
cells lack two important fork recovery mechanisms: dormant origins and another mechanism mediated by FANCC. To investigate fork progression under these circumstances, we examined the focus formation of RPA32 (Figure 2A ), a marker of stalled replication forks (48, 49) . Compared to wild-type cells, slightly increased numbers of Mcm4 chaos3/chaos3 and Fancc −/− cells were positive for ≥5 RPA32 foci (1.2-and 1.6-fold, respectively) though only Fancc −/− cells exhibited a significant increase (P < 0.001), similar to our previous observations (40) . The marginal increase in RPA32 foci in Mcm4 chaos3/chaos3 cells may be due to intrinsic upregulation of the FA pathway, which could compensate for a loss of dormant origins in the recovery of stalled/collapsed forks. Indeed, loss of FANCC in Mcm4 chaos3/chaos3 cells resulted in drastically increased levels of RPA32 foci (>3-fold, P < 0.001, relative to wild-type cells). Furthermore, the number of RPA32 foci co-localizing with ␥ H2AX foci, a marker of DNA double strand breaks (50), exhibited a similar trend with the highest increase (>3. chaos3/chaos3 cells exhibited only a marginal increase in RPA32/␥ H2AX foci, they still exhibited significant G2/M phase accumulation ( Figure 2B ). This may therefore stem from an additional defect, such as delayed completion of DNA replication. Recent studies reported that delayed DNA replication can be identified as sites of localized DNA synthesis persisting until early M phase by pulse-labeling with EdU, a thymidine analog (referred to as 'EdU spots'; 52,53). We therefore quantified EdU spots in prophase cells after a short pulse labeling (10 min) of EdU. We also examined the co-localization of EdU spots with FANCD2 foci in wild-type and Mcm4 chaos3/chaos3 cells ( Figure 3A) , as EdU spots co-localize with FANCD2 foci (52, 53) cells contained prophase EdU spots even in the untreated condition ( Figure 3B ). Consistent with previous studies (52, 53) , the majority of EdU spots indeed co-localized with FANCD2 foci in either genotype, resulting in a corresponding increase in the number of Mcm4 chaos3/chaos3 cells positive for EdU-FANCD2 co-localizations. This was further supported by the analysis of individual EdU spots, which showed that only a minor fraction failed to co-localize with FANCD2 in either genotype ( Figure 3C ), possibly representing loci that are naturally late replicating. Interestingly, analysis of individual FANCD2 foci revealed an almost exclusive increase in those co-localizing with EdU spots in Mcm4 chaos3/chaos3 cells ( Figure 3C ). Consistent with previous findings (52), we also observed that treatment with a low dose of APH greatly elevated the numbers of both EdU spots and FANCD2 foci in both genotypes (Supplementary Figure S3B ), yielding trends very similar to the untreated condition. Taken together, these observations indicate that the elevated number of FANCD2 foci seen in Mcm4 chaos3/chaos3 cells is primarily due to an increased number of sites exhibiting isolated DNA synthesis, though this activation is apparently insufficient to prevent this synthesis from being delayed until prophase. We interpret these findings as follows: a loss of dormant origins not only lowers the efficiency of stalled fork recovery but also generates long, origin-poor regions. The FA pathway can effectively compensate for the former, thus preventing the formation of RPA32/␥ H2AX foci as seen in Mcm4 chaos3/chaos3 cells (Figure 2A ). In the latter case, however, it is almost inevitable that fork stalling occurs and persists more frequently in origin-poor regions, thereby delaying the completion of DNA replication in these regions until early M phase despite FA pathway activation. 
The FA pathway exerts its role in preventing delayed DNA replication under conditions of replication stress
Based on our interpretations, activation of the FA pathway should act against the formation of EdU spots at prophase, though its effect may be limited. On the other hand, given the high level of EdU-FANCD2 co-localizations, an alternative possibility is that FANCD2 mono-ubiquitination is actually required for this isolated form of DNA synthesis. To distinguish between these two possibilities, we repeated our pulse-labeling experiments to score prophase EdU spots in all four genotypes in the untreated conditions ( Figure 4A chaos3/chaos3 cells (P < 0.01), suggesting that FANCC is actually required to prevent the formation of EdU spots in the absence of dormant origins. To further test the role of the FA pathway in preventing this delayed replication, we treated cells with a low dose of APH, which substantially increased the number of EdU spots in all genotypes ( Figure 4C and D) . A significantly increased number (1.5-fold compared to wild-type cells, P < 0.001) of Fancc −/− cells were now positive for ≥10 APH-induced EdU spots. As APH is known to slow fork velocities (36, 53) , increase the frequency of fork stalling (16, 54) and hyperactivate dormant origins (14, 16) , it seems likely that such conditions make the role of the FA pathway more crucial to sustain fork progression and prevent delayed replication. Indeed, we observed a sharp increase in the number of Mcm4 chaos3/chaos3 ;Fancc −/− cells exhibiting ≥10 APHinduced EdU spots (1.9-fold increase compared to wildtype cells, P < 0.001), with a 2-fold higher number of APHinduced EdU spots per cell compared to all other genotypes. These data support the idea that FANCC, and potentially other components of the FA pathway, functions to prevent delayed DNA replication, particularly under conditions of replication stress. (41, 42) . These structures co-localize with ␥ H2AX and are often exquisitely symmetrical in terms of their appearance within the daughter nuclei, suggesting that they are derived from a common breakage event occurring during passage through M phase (41) . We thus measured the levels of 53BP1-NBs in G1 phase daughter nuclei contained within binucleated cells using essentially the same protocol as the cytokinesis-block micronucleus assay. While Mcm4 chaos3/chaos3 and Fancc −/− cells displayed slightly increased numbers (1.16-and 1.5-fold, respectively) of G1 nuclei positive for 53BP1-NBs (P < 0.01 and P < 0.001, respectively) compared to wild-type, Mcm4 chaos3/chaos3 ;Fancc −/− cells had a substantial increase in 53BP1-NBs compared to either single mutant (1.9-fold, P < 0.001) ( Figure 5B ). Taken together, these findings suggest that FANCC and dormant origins coordinately function to prevent genome instability derived from late replication intermediates. ;Fancc −/− pups that survived past 3 weeks, one was euthanized for a nontumor abscess at the age of 128 days while the other developed disseminated T-cell lymphoma in only 163 days (Supplementary Figure S4 ), much more quickly than the average tumor latency of about 12.4 months for Mcm4 chaos3/chaos3 mice in the B6 background (16) . However, due to the very high rate of perinatal lethality, it has been extremely difficult to generate additional Mcm4 chaos3/chaos3 ;Fancc −/− pups even after the expansion of mating crosses. Together, these data indicate that a concomitant loss of dormant origins and Fancc is incompatible with postnatal development in this inbred background.
Almost all B6
Mcm4
chaos3/chaos3 ;Fancc −/− mice are viable in a mixed genetic background but succumb to spontaneous tumors at much younger ages It is well known that phenotypic expression in mice is greatly influenced by genetic background. We therefore reasoned that performing the same intercrosses in a different genetic background would allow us to obtain viable mice to observe the formation of spontaneous tumors until 14 months of age. In agreement with previous findings (44, 56) , >95% of wild-type and Fancc −/− mice survived to the end of the study, with only one Fancc −/− mouse exhibiting tumors at necropsy ( Figure 6B ). As expected, the majority (∼71%) clusively to lymphosarcomas ( Figure 6C and Supplementary Tables S3 and S4 ). Most of these tumors were of Tcell origin (CD-3 positive), though B-cell tumors (B220 positive) were also observed (Supplementary Figure S7) . Notably, a myeloid leukemia was seen as well. Overall, Mcm4 chaos3/chaos3 ;Fancc −/− mice exhibited an average tumor latency of 279.7 days, much shorter than the 361.9 days seen for Mcm4 chaos3/chaos3 mice. This difference did not reach statistical significance (log-rank test, P = 0.264), most likely due to great variation in the latencies in individual mice and gender-specific effects in this background (Supplementary  Tables S3 and S4 ) (57 While the exact role of the FA pathway in unchallenged S phase is still largely unknown, a loss of Fancc in Mcm4 chaos3/chaos3 cells clearly revealed its function in replication fork progression as well as stability. In the absence of dormant origins, the FA core complex may facilitate translesion synthesis to recover stalled forks (58) (59) (60) . Another recent study demonstrated a role of FANCD2 in BLM-mediated fork restart (47) . This mechanism may come into play in the absence of dormant origins. Alternatively, if no appropriate choice is available for stalled fork recovery during S phase, the FA pathway may function to stabilize stalled forks, thereby manifesting as FANCD2/FANCI foci during the G2/M phases, as proposed earlier (33) . Indeed, lack of a functional FA pathway leads to the degradation of nascent strands at stalled forks, supporting its role in fork protection (46, 47, 61) . Furthermore, given the increased levels of spontaneous genome instability in Fancc −/− cells, it seems that there must be certain types of endogenous lesions that are primarily taken care of by the FA pathway rather than dormant origins. Fork recovery at such lesions may also be shared with HELQ, as double homozygosity for Fancc − and Helq gt greatly elevates genome instability (40) .
In this study, we observed that an elevated level of FANCD2 focus formation in Mcm4 chaos3/chaos3 cells during prophase (Supplementary Figure S1B) is primarily associated with the formation of EdU spots (Figure 3) . A recent study reported that polymerase eta deficiency induces common fragile site instability and the formation of EdU spots co-localizing with FANCD2 foci in early M phase, suggesting that EdU spots most likely represent delayed DNA replication within loci where replication intermediates long persist (52) . Consistent with this idea, APH treatment predominantly induced EdU spots co-localizing with FANCD2 foci both in wild-type and Mcm4 chaos3/chaos3 cells ( Figure 3) . Despite the high rate of EdU-FANCD2 co-localizations, an intact FA pathway is apparently dispensable for this type of DNA synthesis. On the contrary, lack of a functional FA pathway actually increases the number of prophase EdU spots under conditions of replication stress, as seen in Figure 4 ). These findings suggest the presence of an FA-independent mechanism(s) to support DNA synthesis at such loci until early M phase. Such mechanisms may include HELQ, which functions parallel to FANCC, as we reported very recently (40) . Moreover, it was recently shown that the structure-specific endonucleases MUS81 and ERCC1 are also found at EdU spots along with FANCD2 but their presence on mitotic chromosomes does not depend on FANCC (53) . While the exact mechanism(s) remains to be unveiled, it was demonstrated that depletion of these endonucleases increased the formation of MN, DNA UFBs at anaphase and 53BP1-NBs (53, 62) . It will therefore be important to understand the roles of these endonucleases in the formation of EdU spots as well as the role of this late DNA synthesis in the resolution of late replication intermediates.
Mcm4 chaos3/chaos3 and Fancc −/− cells/mice are phenotypically similar, particularly in the B6 background, with respect to genome instability ( Figure 5 ) and susceptibility to newborn lethality and microphthalmia (39, 44 homozygosity not only causes a loss of dormant origins but also generates relatively long stretches of the genome that are devoid of any replication origins. So, fork stalling within small regions lacking dormant origins may be fully replicated by the fork rescuing actions of the FA pathway described above. However, this activity may not be sufficient in large, origin-poor loci so that completion of DNA synthesis in these regions is delayed until early M phase despite FA pathway activation, thus manifesting as a large increase in the number of EdU-FANCD2 co-localizations. It is possible that a fraction of these sites may not even fully complete DNA replication prior to anaphase. Therefore, a combina-tion of intrinsic chromosome instability along with an increased number of un-replicated loci could be a driving factor in spontaneous tumorigenesis in Mcm4 chaos3/chaos3 mice. While several mouse models have been generated to study the FA pathway, the majority fails to recapitulate the phenotypes of human FA patients, including tumor predisposition (63, 64 chaos3 homozygosity provides a unique condition to understand the role of the FA proteins as well as others in genome stability in unchallenged conditions, as recently shown for ATM (57) . In particular, an FA core complex-independent role of FANCD2 in replication fork stability (61) can also be investigated in Mcm4 chaos3/chaos3 mice, which may clarify the role of FANCD2 in the formation of EdU spots. Very recently, the first human genetic disorder caused by a mutant MCM4 gene was discovered (65, 66) . Cells from these patients exhibit chromosome fragility much like Mcm4 chaos3/chaos3 cells. Due to a very limited number of patients with this disorder, however, it is not yet unknown whether they are cancer-prone. Nevertheless, it is quite possible that there remain undiscovered genetic disorders caused by mutations in MCM2-7 genes in which the physiological role of the FA pathway may become more apparent.
